eanuts and peanut-based products constitute an important group of food products available in the marketplace. Modern farming, handling, and processing of peanuts, along with prescribed government safety and quality standards, require rapid testing methods for peanut characterization. Microwave dielectric-based sensors provide versatile and cost-effective means that can be used virtually anywhere in the production-processing-storage chain. This technique, combined with tools developed in information technology for real-time data processing and analysis, provides an attractive solution for issues such as improving production efficiency, energy savings, safety, and quality control.
.
Recently, a method was developed for on-line, simultaneous, and independent determination of bulk density and moisture content in cereal grain and oilseed (Trabelsi et al., 1997b (Trabelsi et al., , 1998a (Trabelsi et al., , 2000a Trabelsi and Nelson, 2003) . This method is used here to determine bulk density and moisture content in unshelled and shelled peanuts from measurement of their dielectric properties at 8 GHz and 24°C. Both physical properties are useful in assessing the state of unshelled and shelled peanuts at different stages of a given process and in determining their mass of water per unit volume as well as their mass of dry matter per unit volume. Bulk densities of unshelled and shelled peanuts were determined from a representation in the complex plane of the measured dielectric properties (Trabelsi et al., 1997b) . From this representation, bulk density can be determined from measurement of the dielectric properties of a given sample without knowledge of the moisture content or temperature of the sample. Moisture contents of samples of unshelled and shelled peanuts were determined from measured dielectric properties with a density-independent permittivity calibration function (Trabelsi et al., 1997b) . This method allows moisture content to be determined without knowledge of bulk density, but requires temperature compensation (Trabelsi et al., 2001b) .
In this article, bulk density and moisture calibration equations for unshelled and shelled peanuts are given along with corresponding standard errors of calibration and standard errors of performance at a single microwave frequency of 8 GHz and at room temperature. In some instances, it is useful to determine the kernel moisture content from dielectric measurements performed on whole pods. For this purpose, a linear relationship was established between kernel moisture content and that of corresponding whole pods based on their respective moisture calibration equations.
ESSENCE OF MICROWAVE SENSING
Microwave sensing is based on the interaction between an electromagnetic wave and the material to be tested. This interaction is characterized by an intrinsic electrical property represented by the relative complex permittivity (e), which is usually written in complex form as e = e4 − j e44, where the real part, e4, the dielectric constant, characterizes the ability of a material to store the electric field energy, and the imaginary part, e44, the dielectric loss factor, reflects the ability of a material to dissipate electric energy in the form of heat. The relative complex permittivity will be referred to as the complex permittivity throughout this article.
The complex permittivity of a biological material is dependent on the frequency, temperature, and composition (Hasted, 1973) . Microwave frequencies were chosen for the characterization of biological materials because of the strong effect of water on their dielectric properties, the absence of ionic conduction, and the absence of any relaxation phenomenon that may alter the relationship between the complex permittivity and the physical properties of interest. The essence of microwave sensing is based on identifying correlations between the complex permittivity and the desired physical properties of the material. Once these correlations are established, they can be used to predict these physical properties from complex permittivity measurements. Therefore, a fundamental step for successful use of the complex permittivity for sensing other physical properties of materials is understanding the effect of each of these properties on the complex permittivity (Kraszewski et al., 1996; Trabelsi et al., 1997a) .
Several techniques can be used for measuring the two components of the complex permittivity at microwave frequencies (Bussey, 1967; Von Hippel, 1954) . For freespace measurements, a sample is located between two antennas facing each other, and the scattering reflection and transmission coefficients are measured (Musil and Zacek, 1986) . For nonmagnetic materials, such as biological materials, measurement of either coefficient is sufficient for complex permittivity determination. In this study, measurements of the scattering transmission coefficient S 21 with a vector network analyzer were used to compute e4 and e44 (Trabelsi and Nelson, 2004b) .
MATERIALS AND METHODS

SAMPLE PREPARATION
The unshelled and shelled peanut samples consisted of 7 kg each of Runner type peanuts, cv. Georgia Green. Both unshelled and shelled peanuts were provided from different lots grown under different conditions in both heavy and sandy soils and represented three different size grades (small, medium, and jumbo). Starting with samples of relatively low moisture content, different moisture levels were obtained by gradually increasing the original moisture content in increments of about 1%. The sample moisture content was increased by spraying a fine mist of distilled water and stirring throughout the sample to distribute the water evenly.
For each moisture level, after the desired amount of water was added, the sample was placed in a sealed plastic bag and stored for at least 72 h at 4°C to equilibrate. Before microwave measurements were taken, samples were allowed to equilibrate to room temperature for 24 h.
For the purpose of calibration, samples of unshelled and shelled peanuts harvested in 2003 around Dawson, Georgia, were used. Unshelled peanut samples covered ten moisture levels ranging from 7.7% to 17.9% with bulk density varying between 0.337 and 0.423 g/cm 3 . Shelled peanut samples covered 18 moisture levels between 4.9% and 16.4% with bulk density varying between 0.604 and 0.731 g/cm 3 . For validation purposes, samples of unshelled and shelled peanuts harvested in 2004 around Dawson, Georgia, were used. Unshelled peanut samples covered seven moisture levels ranging from 7.2% to 18.2% with bulk density varying between 0.293 g/cm 3 and 0.388 g/cm 3 . Shelled peanut samples covered seven moisture levels between 4.9% and 17.2% with bulk density varying between 0.561 and 0.686 g/cm 3 .
After each microwave measurement sequence, three samples were taken for moisture content determination according to ASAE Standards (ASAE Standards, 2002) . The samples were oven-dried for 6 h at a temperature of 130°C. Moisture content was calculated on the wet basis as moisture loss from drying divided by the original sample weight.
For each sample, the bulk density (ρ) was determined by weighing the sample and then dividing the weight of the sample by the volume of the sample holder.
For each unshelled and shelled peanut sample, measurements of the complex permittivity were carried out at three different bulk densities: loosely packed, partially settled, and well settled. Both moisture content and bulk density were assumed to be uniform throughout the sample. The sample temperature was measured with a digital thermometer.
DETERMINING THE COMPLEX PERMITTIVITY
The complex permittivity of unshelled and shelled peanuts was determined from measurement in free space of the scattering transmission coefficient S 21 (Trabelsi and Nelson, 2004b) . Figure 1 shows the free-space transmission measurement arrangement that was used to determine e4 and e44 from measurements of the modulus and phase of the scattering transmission coefficient S 21 . The measurement arrangement consisted of a vector network analyzer (VNA, Hewlett Packard, 8510C), a computer, two high-quality coaxial cables with APC-7 connectors at their terminations, two linearly polarized, ultrabroadband (2 to 26 GHz) horn/lens antennas (model AHO-2077-N, BAE Systems) providing a plane wave, a Styrofoam sample holder, and four sheets of radiation-absorbing material, (Eccosorb AN-79, Emerson and Cuming). The power level of the incident wave was a few milliwatts and thus had no effect on the sample temperature. The measurements were conducted in a room where the relative humidity and temperature were controlled.
The sample holder is a Styrofoam box of rectangular cross-section constructed from 1-inch (2.54 cm) thick Styrofoam sheet material. When filled with the unshelled or shelled peanut sample, the sample interacting with the incident wave formed a layer of thickness d. The sample holder filled with peanuts was placed midway between the two antennas, which were 37 cm apart and connected through coaxial cables to the VNA. For optimum use of the VNA dynamic range, samples of thickness varying between 4.1 and 15.4 cm were used. The different thicknesses were obtained by placing Styrofoam spacers in the sample holder. The whole measurement procedure was automated and controlled by a computer connected to the VNA. For accurate determination of e4 and e44, effects of multiple reflections were minimized and time-domain gating was applied to filter out undesirable mismatches. In addition, the sample holder was placed in a tunnel-shaped enclosure of radiation-absorbing material to prevent any interference with the surroundings. Detailed measurement procedures are described in a previous publication (Trabelsi and Nelson, 2004b) . For the computation of the dielectric properties, e4 and e44, it is assumed that a plane wave is traversing a layer of low-loss material. The dielectric properties are calculated from the modulus, |S 21 |, and phase, ö, of S 21 as follows:
where ö is the argument of S 21 (degrees), c is the speed of light (m/s), f is the frequency (Hz), d is the thickness of the layer of material (m), and n is an integer determined in resolving the phase ambiguity (Trabelsi et al., 2000b) . The two components of the complex permittivity, as defined by equations 1 and 2, are the average values for the air-material mixture.
RESULTS AND DISCUSSION CALIBRATION AND VALIDATION DATA
Calibration data were obtained from 30 microwave measurements on samples of unshelled peanuts and 54 microwave measurements on samples of shelled peanuts from the 2003 harvest. For purpose of validation, 21 microwave measurements were performed on samples of unshelled peanuts and a similar number on samples of shelled peanuts from the 2004 harvest. Bulk density and moisture content ranges corresponding to the unshelled and shelled peanut samples used for calibration and validation are shown in tables 1 and 2.
BULK DENSITY PREDICTION
Bulk density is a physical property that describes the packing of a material in a given volume. For its determination, the total mass and volume are needed. This is not always practical, particularly in dynamic situations where the material is moving on a conveyor belt or flowing through a pipe or a chute. It would be advantageous to determine bulk density without disturbing the process in progress. It has been shown that bulk density of cereal grain and oilseed can be determined from measurement of the dielectric properties (Trabelsi et al., 2001a) .
The same approach is applied here for unshelled and shelled peanuts. Figure 2 shows a complex-plane representation of the dielectric properties, e4 and e44, each divided by bulk density, for unshelled and shelled peanuts. For each material, the locus of corresponding data forms a straight line, which can be fitted by a linear regression of the form:
where a f is the slope of the line, and k is the x-axis intercept. Table 1 provides the regression coefficients and coefficients of determination at 8 GHz. The x-axis intercept represents the dielectric constant, divided by bulk density, of completely dry samples of unshelled and shelled peanuts. The difference in dielectric response between unshelled and shelled peanuts is mainly related to differences in the proportions of air and solid material, as indicated by differences in bulk density ranges (table 1). Bulk density can be estimated directly from equation 3:
Equation 4 is a bulk density calibration equation, which can be used for bulk density determination from measurements of e4 and e44. It is important to note that neither moisture content nor the temperature of the sample is needed to compute the sample bulk density with equation 4. This is particularly useful in applications where only bulk density is required.
To evaluate performance of equation 4 in predicting bulk density, the standard error of calibration (SEC) and the standard error of performance (SEP) were calculated. These are defined as:
where l is the number of samples, p is the number of variables in the regression equation with which the calibration is performed, and D e i is the difference between the predicted value and that determined by a standard method for the ith sample, Values of the SEC and SEP for bulk density determination are given in table 1. Figure 3 shows predicted bulk density, which was computed with equation 4, versus gravimetric bulk density, with the solid line corresponding to the ideal fit. Both sets of data, corresponding to unshelled and shelled peanuts and covering a wide bulk density range, are superposed with the line of ideal fit. 
MOISTURE CONTENT PREDICTION
Moisture content is the most important factor for safe storage and quality control of peanuts. When combined, peanuts generally have moisture contents between 15% and 20%, and they must be dried below 10.5% for sale or safe storage. Standard oven-drying techniques for moisture testing require the drying of several samples for several hours, which is both tedious and time consuming, and in some instances is not representative of the whole lot. Therefore, electrical moisture meters, calibrated against oven tests, have been developed and used for these measurements. RF impedance measurements (Kandala and Nelson, 1990 ) and microwave resonant cavity measurements (Kraszewski and Nelson, 1993) have been studied for determining moisture content in single peanut kernels. The major shortcoming of existing peanut moisture meters is the need to shell the sample for measurement.
At microwave frequencies, moisture content in granular and particulate materials can be determined independent of bulk density (Trabelsi et al., 2001b) . Recently, a density-independent function (y) expressed in terms of e4 and e44 was defined, based on electric energy distribution within the material (Trabelsi et al., 1997b (Trabelsi et al., , 2000a (Trabelsi et al., , 2001b : Figure 4 shows that y increases linearly with oven moisture content in unshelled and shelled peanuts without being greatly affected by bulk density changes. For each material, a linear regression of the form:
can be used to correlate y with moisture content. 
The effectiveness of equation 9 in predicting moisture content in unshelled and shelled peanuts from measurement of their complex permittivities at microwave frequencies was evaluated by calculating the SEC and SEP for each material. Resulting values are given in table 2. Figure 5 shows the predicted moisture content, which was calculated with equation 9 and regression coefficients from table 2, versus oven moisture content, with the solid line corresponding to the ideal fit. Both sets of data obtained for unshelled and shelled peanuts fall close to the ideal fit line.
In many practical situations, it would be useful to determine moisture content in peanut kernels (shelled peanuts) from dielectric measurements on peanut pods (unshelled peanuts) (Butts et al., 2004) . This can be achieved by equating the pod calibration function to that of the kernel calibration function and solving for kernel moisture content (M K ) in terms of pod moisture content (M P ). With the regression constants obtained for equation 8 (values shown in table 2), the relationship between kernel moisture content and pod moisture content can be written as:
The advantage of equation 10 is that it allows kernel moisture content to be determined directly from dielectric measurements on peanut pods without first having to shell them.
CONCLUSIONS
Bulk density and moisture content in unshelled and shelled peanuts can be determined simultaneously and nondestructively from measurements of their complex permittivities at microwave frequencies. Bulk density and moisture calibration equations for both unshelled and shelled peanuts were developed along with corresponding standard errors of calibration (SEC) and standard errors of performance (SEP). In addition, an equation correlating moisture content of peanut kernels with that of peanut pods was established. This method allows nondestructive and simultaneous determination of moisture content in peanut pods and peanut kernels from a single permittivity measurement on peanut pods at microwave frequencies. The method is particularly suitable for routine measurements on large quantities of peanuts.
